L
yme disease, caused by Borrelia burgdorferi, is the most commonly reported vector-borne infection in the United States, with over 30,000 reported cases in 2012 (1) . Erythema migrans, the characteristic skin lesion that arises at the site of B. burgdorferi inoculation by an infected Ixodes sp. tick, is the earliest objective clinical manifestation. As many as 15% of patients with an erythema migrans skin lesion who are treated with antibiotics will develop another erythema migrans lesion within 5 years due to a subsequent tick bite (2) . The large proportion of patients experiencing repeated B. burgdorferi infections suggests that previous exposure does not elicit a protective immune response. However, whether patients might develop protective immunity against specific strains of B. burgdorferi has not been investigated. In a recent report of 17 patients who had each experienced two or more episodes of B. burgdorferi infection, in only 1 patient was the same strain observed on more than one occasion (3) . In this patient, who had four episodes of erythema migrans in less than 20 years, the same borrelial strain was isolated only during the first and third episodes, which were 5 years apart. The present study investigated whether the findings in the previous study of 17 patients, each of whom had one or more recurrences of culture-confirmed Lyme disease, are consistent with development of protective immunity against specific strains of B. burgdorferi.
Maintenance of natural variation among strains within several pathogenic species has been driven by strain-specific protective immunity in hosts (4) . It has been proposed that polymorphisms in B. burgdorferi populations, such as that observed at the outer surface protein C (ospC) locus (3, (5) (6) (7) (8) , are maintained selectively by strain-specific immunity in natural hosts (6, 9) . However, the evidence to support this hypothesis is indirect and limited to a data set showing that laboratory mice immunized with one OspC protein were selectively protected only against infection with B. burgdorferi expressing the same OspC protein, not against strains expressing a different OspC protein (10) . In this study, we provide empirical evidence and statistical support for the presence of strain-specific immunity in patients treated for early Lyme disease. Additionally, the results of this study provide a quantitative estimate of the duration of strain-specific immunity.
MATERIALS AND METHODS
Prevalence of each B. burgdorferi strain in patients. For this study, we analyzed the occurrence of identical strains of B. burgdorferi in a cohort of 17 patients with multiple episodes of culture-confirmed erythema migrans (3). We used both multinomial probability analyses and a stochastic simulation model to evaluate whether only 1 or fewer of 17 patients could have identical strains of B. burgdorferi in recurrent infections due to chance alone. All analyses estimated the probability of recovering a particular strain of B. burgdorferi from a patient due to chance alone, based on empirical patient data (3, 11) . Since initial infections in patients cannot be influenced by immune responses to prior B. burgdorferi infections, the probability of observing each strain of B. burgdorferi by chance alone can be estimated as the frequency with which each strain is observed in patients with no history of infection. These data were obtained from the work of Nadelman et al. (3) (data set 1) and Wormser et al. (11) (data set 2) (see the supplemental material for further details). Data set 1 comprised the strains of B. burgdorferi recovered from the initial episode of erythema migrans in the 17 patients reported by Nadelman et al. (3) . Data set 2 consisted of the subset of strains cultured from the erythema migrans lesions of patients reported by Wormser et al. (11) who had no history of B. burgdorferi infection and who were not included in the report by Nadelman et al. (3) . Data set 2 provided a more robust frequency distribution of the B. burgdorferi strains causing primary infections due to the larger number of borrelial isolates (200 versus 17). Both data sets are based on patients with early Lyme disease from the same geographic area of New York State. In addition to the distributions described above, an even probability distribution (data set 3), which assumed that patients were equally likely to be infected with each of the B. burgdorferi strains, was used in the analyses described below.
Multinomial probability analyses. The probability that the same strain would be recovered multiple times in only 1 or fewer of 17 patients who experienced repeated infections by chance alone was calculated using a multinomial probability distribution involving the sum of (i) the probability that the same strain would never be cultured multiple times from any patient (equation 1) and(ii) the probability that the same strain would be cultured exactly twice from exactly 1 of the 17 patients (equation 2), as follows:
where n is the number of B. burgdorferi strains, a is the number of patients from which B. burgdorferi was cultured on 2 occasions (n ϭ 14), b is the number of patients from which B. burgdorferi was cultured on 3 occasions (n ϭ 2), and c is the number of patients from which B. burgdorferi was cultured on 4 occasions (n ϭ 1). P i -the probability of strain type i being cultured from a patient due to chance alone-was derived from the frequency of each strain found in primary infections as described above (data sets 1 to 3). Stochastic simulation model of the presence and duration of strainspecific immunity. The presence and duration of strain-specific immunity necessary to account for the observed pattern of strains of B. burgdorferi recovered from patients with consecutive, repeated infections (3) were evaluated using a stochastic simulation (see the supplemental material). The model simulated the strains of infecting B. burgdorferi that each of 17 patients incurred either with or without strain-specific immunity. The parameters of the model included the number of years in which each patient could have contracted a B. burgdorferi infection, the probability that a patient was challenged with a particular B. burgdorferi strain following a tick bite, and the duration of strain-specific immunity (Table 1) .
Model parameters. The number of years during which each of the 17 patients in the model could have contracted a B. burgdorferi infection was calculated as either (i) the number of years between the initial infection for that patient and 2011, the last year that a positive B. burgdorferi culture was obtained from any patient ("extended availability"), or (ii) the number of years between the initial and final infections for each patient ("limited availability"). The former set of parameters ranged from 3 to 18 years (mean ϭ 11.12 years; median ϭ 12 years), while the latter set of parameters ranged from 2 to 15 years (mean ϭ 5.65 years; median ϭ 5 years).
The probability of infection with each strain, assuming no strain-specific immunity, can be derived from data set 1, 2, or 3 by assuming that the patient was bitten by an infected tick. The probability that a patient was bitten by an infected tick cannot be calculated from empirical data. Thus, the value taken for the infectious tick bite parameter was selected such that there were at least 34 total infections, i.e., each patient had 2 separate infections, on average, and at most 39 total infections, i.e., the total number of infections observed in the 17 patients reported by Nadelman et al. (3) . All iterations that had fewer than 34 or more than 39 total infections were excluded from the analyses. The unlikely assumption that the probability of a tick bite was equivalent across all patients and all years was implicit in the model. However, this assumption did not affect the qualitative conclusions and is conservative with respect to the quantitative estimates of the duration of strain-specific immunity. That is, higher or more variable values for the tick bite probability parameter require greater durations of strain-specific immunity to arrive at an outcome with only one patient experiencing two episodes of erythema migrans caused by the same strain of B. burgdorferi (3) .
The parameter describing the duration of strain-specific immunity ranged from 0 to 15 years in the stochastic models. It was assumed that the duration of strain-specific immunity was constant across all patients and across all strains. The former assumption was relaxed in subsequent iterations of the model. The latter assumption is conservative and reflects the minimum duration of strain-specific immunity for each B. burgdorferi strain.
Model implementation. The model simulated infections in 17 patients by choosing the strain type causing the infection each year that the patient was exposed to an infected tick. We simulated 10,000 sets of 17 patients for every combination of parameter values used in the stochastic model. Parameter combinations included (i) 2 parameter sets describing the number of years a patient could have contracted a B. burgdorferi infection (either extended or limited availability), (ii) 3 parameter sets describing the probability that patients were challenged with a particular B. burgdorferi strain (either data set 1, 2, or 3), and (iii) 15 parameter values describing the duration of strain-specific immunity, resulting in 90 models evaluated (Table 1) .
The strain of B. burgdorferi infecting each patient in the initial year he or she was available was determined in each iteration of the simulation by drawing from the appropriate probability distribution (data set 1, 2, or 3) (Fig. 1) . In each subsequent year that the patient could have contracted a B. burgdorferi infection (extended or limited availability), the model determined if the patient was fed upon by a potentially infectious tick ( Table  1 ). The probability that the patient was challenged by an infected tickwhich incorporates the chance of being bitten by a tick each year, the probability that the tick is infected, and the probability that the bacterium is transmitted to the host-was chosen at random in each iteration of the model. If the patient was exposed to an infected tick, the strain carried by that tick was inferred from the same probability distribution used to choose the strain in the initial infection (data set 1, 2, or 3). If a previous infection with the same strain as that carried by the feeding tick occurred within the duration of the strain-specific immunity time set in that iteration of the model (Table 1) , the current tick bite did not result in a new infection. Otherwise, the current tick bite resulted in a new infection with the strain carried by the feeding tick. The total number of infections in each patient, as well as the number of repeated infections with the same strain, was tabulated for each iteration of the model. All iterations of the model resulting in fewer than 34 or more than 39 total infections across all patients were excluded from further analyses. An additional set of simulations was performed to evaluate the effect of variation among patients in the development of protective immunity. In these simulations, the fraction of patients who developed strain-specific immunity varied between 0 and 100% (10% intervals), with the duration of immunity set to 5, 10, or 15 years. 
RESULTS
We used both multinomial probability analyses and a stochastic simulation model to determine whether the empirical data from 17 patients, each of whom had one or more recurrences of cultureconfirmed Lyme disease, are consistent with development of protective immunity against specific strains of B. burgdorferi. The probability that the same strain of B. burgdorferi would be recovered only once due to random chance in 17 patients treated for early Lyme disease who experienced at least one recurrence of erythema migrans ranged from 0.011 to 0.054 (Table 2 ). Assuming that the probability that a particular borrelial strain infects humans due to chance alone is equivalent to the frequency with which each strain has been observed in primary infections of patients (data set 1 [3] or 2 [11] ), it is highly improbable that only one or fewer patients would have developed a recurrent infection with the same borrelial strain (P Ͻ 0.035). Furthermore, making the very conservative assumption that all strains are equally likely to cause human infections (data set 3), the probability of 1 or fewer of 17 patients being infected with the same strain on multiple occasions by chance alone remains unlikely (P Ͻ 0.054).
All stochastic simulation models demonstrated that a far larger proportion of patients would be expected to have experienced multiple infections with the same B. burgdorferi strain than was actually observed by Nadelman et al. (3) , assuming that patients did not acquire strain-specific immunity (Fig. 2) . All simulations, regardless of the parameter sets used, always resulted in more than 1 of the 17 patients developing an infection caused by the same B. burgdorferi strain if no strain-specific immunity was assumed in the model. Furthermore, the duration of strain-specific immunity would have had to last for at least 4 years for only one or fewer patients to present with the same B. burgdorferi strain on multiple occasions, regardless of the parameters used in the model.
Assuming the empirically determined stochastic expectation that patients were challenged with a particular borrelial strain (data set 2), nearly 8 of the 17 patients evaluated would have been expected to have multiple infections with the same strain if patients did not develop strain-specific immunity (Fig. 2 ). Assuming these model parameters, the duration of strain-specific immunity must exceed 6 years before the same strain would be expected to be recovered on multiple occasions from one or fewer patients.
Although all model parameters affected the quantitative estimate of the duration of strain-specific immunity, no combination of parameters resulted in observations similar to those reported by Nadelman et al. (3) without invoking strain-specific immunity. Furthermore, the probability distribution for acquiring strains by chance alone, using any empirically determined distribution (data set 1 or 2), had little effect on the quantitative estimate of the duration of strain-specific immunity (Fig. 1 ). All models using empirically determined parameters required between 6 and 9 years of strain-specific immunity for multiple infections with the same strain to occur in only one or fewer of the simulated patients. Even using the very conservative assumption that all B. burgdorferi strains are equally likely to infect patients required a duration of at least 4 years of strain-specific immunity. The duration that each patient was available to become infected had a small but consistent effect on the quantitative estimate of the duration of strain-specific immunity: simulations where patients were available to become infected for shorter times had lower estimates of the minimum duration of strain-specific immunity (Fig. 2) .
The simulation model was extremely sensitive to the total number of infections incurred by each patient. Simulations in (Table 1) , data from 10,000 iterations are recorded.
which the total number of infections did not exceed 34 (twice the number of patients) predicted that many patients would not incur multiple infections with the same strain, independent of the duration of strain-specific immunity. In contrast, simulations in which the total number of infections exceeded 39 (the total number experienced by the patients reported by Nadelman et al. [3] ) inflated the number of patients infected with the same strain on multiple occasions when the duration of strain-specific immunity was low. The simulation model does not require that all patients develop strain-specific immunity in order to explain the previously observed data (3). However, the duration of strain-specific immunity needed is inversely correlated with the proportion of patients experiencing strain-specific immunity (Fig. 3) ; as the duration of strain-specific immunity in the model decreases, a larger proportion of patients would need to develop strain-specific immunity to account for the data previously reported (3) .
DISCUSSION
The present analyses suggest that it is highly unlikely that only 1 of 17 patients would have been infected with an identical strain of B. burgdorferi in a recurrent episode of Lyme disease in the absence of strain-specific immunity. Furthermore, the duration of strainspecific immunity needed to be at least 4 years to explain the data actually observed (3). The presence and long duration of strainspecific immunity that the models suggest imply that humans, once infected, are highly unlikely to acquire a subsequent infection caused by the same strain of B. burgdorferi. Statistical models The duration of strain-specific immunity must be at least 4 years for one or fewer patients to present with the same B. burgdorferi strain on multiple occasions, regardless of the parameter sets investigated (dashed line). Data in the left column (A, C, and E) represent models that assume that patients could have contracted a B. burgdorferi infection from the date of the primary infection through 2011 (extended availability); data in the right column (B, D, and F) represent models that assume that patients could have contracted a B. burgdorferi infection from the date of the primary infection through the final infection of that patient (limited availability). Panels A and B assume the strain probability distribution derived from data set 1 (Nadelman et al. 2012 [3] ) as described in the text; panels C and D assume the strain probability derived from data set 2 (mod. Wormser et al. 2008 [11] ). Panels E and F assume equal probabilities per strain (data set 3). Error bars represent the ranges of results for 10,000 simulations. assuming a biologically realistic distribution of the expectation of a particular strain of B. burgdorferi strain causing infection in human patients (derived from multiple data sets from patients in the same geographical region) demonstrated that the probability that so few patients would be infected by the same borrelial strain by chance alone is between 0.011 and 0.035. Stochastic simulation models confirmed that strain-specific immunity was necessary to explain the reported patient data and further estimated that strain-specific immunity must exceed 6 years if biologically realistic parameters are assumed.
Although transient immunity to reinfection with the same strain of B. burgdorferi has been demonstrated in laboratory animals, no attempt has been made to determine if challenge with different strains of B. burgdorferi might be able to cause infection (12) (13) (14) (15) . It was also demonstrated experimentally in mice that immunization with outer surface protein C (OspC) of one strain of B. burgdorferi was protective against infection by that strain but not two different strains (10) . However, strain-specific immunity is not likely to be restricted to OspC and may also develop against other B. burgdorferi strain-specific surface proteins. Future clinical studies should aim to expand the recognition and characterization of the antigens that could be involved in strain-specific immunity in humans. Furthermore, the above-described study employed an immunization protocol by needle inoculation rather than natural infection and challenge by tick feeding. Our investigation is thus unique in that it is the first study to provide evidence for strainspecific immunity in either humans or animals due to natural infection.
The qualitative results as well as the quantitative estimates of the duration of strain-specific immunity from the stochastic simulation model were robust to the assumptions inherent in the choice of parameters. Altering the parameter set describing the expected probability of individuals encountering a tick infected with a particular strain of B. burgdorferi due to chance alone had little effect on the quantitative estimate of the duration of strainspecific immunity. All simulations, even those using the very conservative assumption that all strains are equally likely to infect patients, resulted in an estimated minimum duration of strainspecific immunity of 4 years (Fig. 2) . For all of the parameter sets using empirical patient data in the analyses, the minimum duration of strain-specific immunity was estimated to be 6 to 9 years.
The simulations make the unlikely assumption that all patients experience the same duration of strain-specific immunity. However, relaxing this assumption did not change the qualitative result that strain-specific immunity is necessary to observe so few patients infected with the same strain on repeated occasions. The duration of strain-specific immunity is, however, inversely correlated with the proportion of patients experiencing strain-specific immunity (Fig. 3) . That is, as the proportion of patients acquiring strain-specific immunity decreases, the estimate of the duration of strain-specific immunity in the other patients increases. While we expect that there is variation among patients in both the extent and duration of strain-specific immunity, the presented model is conservative with respect to this variation. It is also likely that the presence and duration of strain-specific immunity elicited vary among infecting strains. While this phenomenon needs to be investigated empirically, the model is also conservative with respect to this variation.
The models assumed that each strain elicited a protective response against future infections with the same strain but did not affect the probability of infection caused by other strains. It is possible that partial or full protective immunity also develops against additional strains, although this could not be established with the current data set. Data sets with larger numbers of patients with recurrent infections or controlled experiments in laboratory animals are necessary to determine the extent of cross immunity among strains.
Strain-specific immunity is thought to exist with other bacterial pathogens, such as Streptococcus pneumoniae (16) . However, the data set on which our analyses and conclusions were drawn regarding strain-specific immunity in Lyme disease is rather unique. The Lyme disease data set represented 17 patients who were treated with antibiotics for two or more episodes of early Lyme disease that were not only confirmed by culture but also typed in such a way that each cultured strain of B. burgdorferi could readily be distinguished from another. The analyses presented indicate that patients treated for early Lyme disease develop
FIG 3
The number of patients experiencing multiple infections caused by the same B. burgdorferi strain is a function of the fraction of patients who develop strain-specific immunity. At least 70% of the patients must have developed strain-specific immunity for one or fewer patients to present with the same B. burgdorferi strain on multiple occasions (dashed line), regardless of the parameter sets investigated. Data shown were obtained by assuming strain-specific immunity of 5 years, 10 years, and 15 years. The analyses shown assume the probability distribution of B. burgdorferi strains derived from the work of Nadelman et al. (3) . Error bars represent ranges of results for 10,000 simulations.
type-specific immunity that will last for a minimum of 4 years. However, since at least 16 strains of B. burgdorferi, defined by the allele at the ospC locus, have been shown to infect humans in the United States (17) , it is essential that people in areas where Lyme disease is endemic continue to utilize effective prophylaxis measures to prevent future tick bites, even if they have protective immunity to certain strains due to a previous infection.
